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a b s t r a c t
Synthesis, crystal structure and optical properties of two-dimensional layered inorganic–organic hybrid
NH3 (CH2 )12 NH3 PbI4 are presented. Intercalation strategy has also been used to fabricate single crystal
and thin ﬁlms of the same. As thin ﬁlm, they are well oriented and stacked along the [l 0 0] direction
with strong room-temperature excitonic absorption and emission characteristics. Exciton features were
correlated with the relative inorganic network crumpling and conformation of alkylammonium chains.
The structural features are compared with those of similar hybrid, (H(CH2 )12 NH3 )2 PbI4 .
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Self-organized inorganic–organic layered semiconductors in
the form of (RNH3 )2 PbX4 are considered as multiple quantum
well structures where organic ammonium moieties (RNH3 )+ are
sandwiched between two inﬁnitely extended inorganic semiconductor layers of [PbX6 ]4− . Because of quantum and dielectric
conﬁnement, these perovskite-type hybrids show potential in
many optoelectronic applications [1]. Due to the strong roomtemperature excitonic properties, a great deal of attention has
been paid to the preparation and characterization of wide varieties of inorganic–organic layered perovskites [2–6]. Out of all,
alkylammonium chain-based lead iodides, in the generic form of
(Cn H2n+1 NH3 )2 PbI4 are of special interest because of their diverse
structural phase transitions and, as a consequence, peculiar nature
of their optical properties [7–9]. In general the excitonic features
are critically dependent on (1) disordered orientation of alkyl
chains in the organic moiety, (2) changes in the crystal structure, (3)
crumpling of inorganic layers and (4) coupling between the ammonium group attached to the organic moiety and the PbI network
[10]. Recently we have demonstrated switchable excitons in one
of the long chain-based lead iodide hybrid, (H(CH2 )12 NH3 )2 PbI4
(C12PI) and exempliﬁed their ability for new device applications
[10,11].
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In this letter, preparation, room-temperature crystal structure and optical properties of di-ammonium-alkyl based hybrid,
NH3 (CH2 )12 NH3 PbI4 (DDPI), are described. The titled compound
has been synthesized from conventional solution chemistry techniques as well as newly developed intercalation process [12].
Structural and room-temperature exciton features have been discussed and are compared with those previously reported similar
layered hybrids, particularly with C12PI [8].
2. Experimental
Single crystals of DDPI were grown by the slow evaporation technique. 0.2 mmol
of lead (II) iodide (0.092 g) and NH2 (CH2 )12 NH2 (0.04 g) were dissolved separately in
7 ml of 57% HI solution and are mixed together at 65 ◦ C. The solution was reﬂuxed for
an hour. The resultant clear solution was cooled slowly to room temperature. Yellow
plate like crystals (0.5 mm × 0.5 mm × 0.2 mm) was harvested by slow evaporation
of the resultant solution. Single crystals of similar long chain based hybrid C12PI
were also synthesized for comparison and the details were previously reported
[11]. Similarly, we have recrystalized organic moiety (hereafter DD) of dimensions
2 mm × 2 mm × 2 mm for intercalation purpose. Single crystals suitable for single
crystal X-ray diffraction analysis were selected and studied. Single crystal diffraction studies were carried out by Bruker APEX CCD diffractometer with a Mo K␣
(0.71073 Å) sealed tube at 293 K. The program SMART [13] was used for collecting
frames of data, indexing reﬂection and determination of lattice parameters, SAINT
[13] for integration of the intensity of reﬂections and scaling. SADABS [14] was used
for absorption correction and SHELXTL [15] for space group and structure determination and least-squares reﬁnements on F2 . The lead atoms were located ﬁrst
and then remaining atoms were deduced from subsequent difference Fourier syntheses. The hydrogen atoms were located using geometrical constraints. All the
non-hydrogen atoms were reﬁned anisotropically. The least-squares reﬁnement
cycles on F2 were performed until the model converged. Molecular graphics were
presented by Diamond v2.1c.
Thin ﬁlms of DDPI were fabricated as follows: single crystals were ﬁrst dissolved in solvent DMSO, drop-casted onto a glass substrate and eventually heated
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Fig. 1. 2D layered arrangement of (a) DDPI and (b) C12PI. Inset shows the respective out-of-plane distortion. NH-I terminal halide conﬁgurations of (c) DDPI right triangle
conﬁguration and (d) C12PI equilateral triangle conﬁguration. The respective Pb–I–Pb bond angles are also given. Unit cell edges are shown in grey solid lines.
upto 65 ◦ C. Once the solvent started evaporating, the substrate has been quickly
transferred to a spin-coater and spun at 2000 rpm for 60 s. Uniform thin ﬁlms of
∼100 nm were used for glancing angle X-ray diffraction (GLAXRD) and optical studies. UV–visible absorption and photoluminescence (PL) studies were carried out
using a spectrometer, white light source and 337 nm nitrogen laser. High-resolution
images and PL mapping were carried out using modiﬁed confocal microscope
equipped with a camera, XY direction piezo controlled sample stage, 447 nm CW
diode laser and a spectrometer.

3. Results and discussion
3.1. Crystal structure
The inorganic–organic (IO) hybrid, DDPI, crystallizes as monoclinic in the space group P21 /c. The asymmetric unit consists
of PbI2 anion unit and a molecule of (NH3 (CH2 )12 NH3 ) dication
unit. The complete details of the crystallographic data are given in
Table 1. The crystal structure features as two-dimensional layered
entity with alternative stacking of inorganic and organic layers.
Inorganic layers are extended as two-dimensional (2D) network
by corner sharing of each distorted PbI6 octahedra with neighboring four octahedra through the double bridging iodide. Fig. 1
compares the layered arrangement of DDPI to that of recently
reported single amino-end group long chain organic moiety hybrid,
C12PI.
The coordination geometry around the Pb atom shows no axial
compression of the octahedral geometry. The Pb–I bond lengths
range between 3.170(1) and 3.204(2) Å and the I–Pb–I cis-bond
angles around the Pb atom, which occupies a center of symmetry,
range between 87.56(3)◦ and 92.44(3)◦ while the trans angles are
∼180◦ . The bridging angle Pb–I–Pb is 149.68(4)◦ which gives the
tilt between adjacent octahedra. The Pb–I bonding nature (distance
∼3.2 Å), observed here favors more towards the ionic nature (sum

of ionic radii is 3.39 Å) than covalent nature (sum of covalent radii
is 2.87 Å).
The di-ammonium alkyl chains occupied between the Pb–I layers are of much interest: they are much distorted from linear nature
as compared to C12PI (Fig. 1a and b). The conformation of hydrocarbon as compared to its linear nature changes near to the amino
groups with N–C–C bond angle 104.96(7) and C–C–C bond angle

Table 1
Crystallographic data of DDPI.
Crystal data

Dodecyl diammonium lead iodide

Empirical formula
Formula weight
a
b
c
Temperature
Radiation
Diffractometer
Crystal system
Space group

C12 H30 N2 PbI4
917.18 g mol−1
16.018(3) Å
8.4759(19) Å
8.852(2) Å
293(2) K
Mo K␣
Bruker Smart Apex CCD
Monoclinic
P21 /c
1201.8(4) Å´ 3

Volume
Z
dcalc
Crystal
Crystal size

2
2.535 g cm−3
Yellow
0.5 mm × 0.5 mm × 0.2 mm

Data collection
No. measured reﬂections
No. unique reﬂection
No. observed reﬂections (I > 2I)
No. reﬁned parameters
R1 (I > 2I)
WR2 (all)
Min/max , e Å−3

4610
2214
1212
89
0.0663
0.1618
−1.886/1.955
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114.52(4). Remaining C–C–C bond angles within the chain varies
from 123.73(5) to 149.05(9) showing a corrugated organic chain
structure with distortion throughout and having overall tilt angle
of ∼45◦ (Fig. 1a). Here, the organic moiety is tagged to the iodides
of two adjacent inorganic layers by terminal NH3 groups via N–H–I
hydrogen bonding with the three iodides (out of eight iodides) with
a preference to terminal halide conﬁguration: where the hydrogen bonding is with two terminal iodides and one bridging iodide
(Fig. 1c). For comparison, in C12PI, the Pb–I distance varies from
´ The trans Pb–I bond angle is 180◦ and the
3.183(2) Å´ to 3.200(2) Å.
cis Pb–I bond angle vary from 86.16(3)◦ to 93.84(3)◦ and Pb–I–Pb
bond angle is 150.59(4)◦ .
All the lead atoms in DDPI crystal are in-plane with perfect ordering because of less distortion in the I–Pb–I cis and trans angles
which lead to more symmetrical geometry of PbI6 octahedra layers
(Fig. 1a). Whereas in C12PI, lead atoms are offset from layer to layer
which resulted into more staggered arrangement of PbI6 octahedra
layers (Fig. 1b). Another interesting comparison is N–H–I bonding
arrangement: bridging of N–H–I bonding in DDPI adopts “terminal
halide” conﬁguration of right triangle conﬁguration while in C12PI
the bridging adopts “equilateral conﬁguration” (Fig. 1c and d). In
DDPI a single organic is tagged in between two PbI planes with
organic molecules bent by 45◦ , suggests comparatively more rigid
nature of DDPI inorganic layers.

3.2. Physical and optical properties
Fig. 2a compares GLAXRD of DDPI thin ﬁlm as well as powder
pattern XRD. DDPI thin ﬁlm show strong diffraction peak corresponding to the plane (1 0 0) at 2 = 5.58◦ , followed by higher
diffraction orders, related to (l 0 0) (l = 2, 3, 4,. . .), indicating wellstacked layered structure of DDPI. Both single crystal and thin ﬁlms
of DDPI show strong room-temperature excitonic features with
symmetric and narrow line shape absorption at ∼510 nm and PL
at ∼520 nm with full width half maximum (FWHM) of ∼11 nm
(Fig. 2b). Extended Hückel tight-binding calculations [CAESARTM
V2.0] [16] were used to evaluate band structure of the synthesized compound from the crystallographic structure data (Fig. 2c).
Though this method underestimates the bandgap value, obtained
value of ∼2.98 eV is in good agreement with the reported values of other 2D hybrids [11]. In general, the exciton energies
are strongly dependent on several structural and physical properties of these hybrids. In these 2D layered IO-hybrids, band gap of
organic layer (∼6 eV) is higher than inorganic layer (∼3 eV), therefore the excitons are tightly conﬁned within the inorganic layers
[6,17]. Recently, from the study of various mono-amino based IOhybrids, apart from other important factors such as well/barrier
widths, dielectric contrast etc., we have established a key relationship between the distortion of the inorganic (PbI) layers and the
bandgap (and hence exciton energies) [11]. The results demonstrated that more PbI layer crumpling, i.e., decrease in Pb–I–Pb
bond angle, results into increase of exciton peak energies. In this
present work, room-temperature exciton PL of DDPI is observed
at ∼520 nm, which is substantially higher than PL of C12PI (i.e.
∼500 nm), indicating that in DDPI, the PbI network is less crumpled. Even though Pb–I–Pb bond angle in DDPI (149.68◦ ) is almost
equal to that of C12PI (150.59◦ ) (Fig. 1c and d), the PbI layered
arrangement of DDPI, as seen from Fig. 1a and b (and the insets),
suggests relatively less crumpled nature. The basic structural motif
for all 2D IO-hybrids is the corner-sharing PbI6 octahedra and the
Pb–I–Pb bond angle brings out two kinds of distortions (i) the outof-plane distortion which results into crumpling of layers and (ii)
in-plane distortion which brings the PbI octahedra into closer proximity. Though out-of-plane distortion is most commonly observed
in many mono-amino based IO-hybrids [8,11,18–20], in the present

Fig. 2. (a) XRD patterns of (i) thin ﬁlm and (ii) powder pattern obtained from single
crystal XRD data. (b) Exciton absorption and emission spectra of DDPI thin ﬁlm. Inset
shows the band structure and corresponding density of states (DOS) of DDPI.

di-amino DDPI, both the distortions are to be considered. While
Pb–I–Pb bond angle of DDPI appears closer to C12PI, the distortion
in DDPI is predominantly in-plane, therefore less crumpling of PbI
layers resulting into red-shifted PL energy.
We further experimented on alternate fabrication methods,
such as intercalation process. Unlike the recently developed intercalation process [12], here we also fabricated DDPI crystals and thin
ﬁlms by reverse intercalation process, i.e., intercalating PbI2 into
the layered organic network. In this method, single crystals and
thin ﬁlms of organic (DD) were exposed to the solutions of PbI2
dissolved in HI solvent. PL studies were performed on these intercalated ﬁlms/crystals and are compared to the PL of conventionally
prepared DDPI. Confocal microscopic image and the corresponding PL mapping of intercalated single crystal are shown in Fig. 3a
and b respectively. PL spectral scans have been performed over an
area of 1 mm2 with 20 m step size to study the surface morphology. To demonstrate the spectral variation, we have extracted PL
spectra from the line scans, both X and Y directions of a particular location, and are presented in Fig. 3c. From these spectral line
scans, it is clear that the PL line shape and position at various locations of intercalated single crystals are markedly different. Fig. 3d
compares the PL spectra of conventional spin-coated ﬁlm to the
spectra of intercalated single crystal and thin ﬁlms. As seen, while
all PL spectra predominately indicating the DDPI phase, the spec-
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Fig. 3. (a) and (b) Confocal microscope image and PL intensity (at 510 nm) mapping of intercalated DDPI crystal. (c) Normalized PL spectra line scans along y and x-directions
on the crystal shown in (b). Respective ‘x’ and ‘y’ locations are indicated in the ﬁgure and spectra are ‘y’ shifted for clarity. (d) The PL spectra of DDPI of different forms. 1, 2
and 3 indicate the PL spectra of conventional DDPI thin ﬁlm, intercalated thin ﬁlm and intercalated single crystals respectively.

tra of intercalated ﬁlms and single crystals show about 10 nm blue
shift than spin-coated ﬁlms. Though further studies are required
to fully understand the intercalation process, in our recent papers
we have demonstrated that the optical characteristics of IO-hybrids
are critically dependent on thickness and intercalation conditions.
The heaviness of ﬁlms and the presence of un-reacted entities may
result into structural defects, such as imperfect lattice stacking of
the PbI sheets and broken bonds within the PbI network, and as a
consequence the perturbed exciton energy levels [2,10,11]. Therefore, the PL blue shift and broadness in intercalated ﬁlms could be
due to variation in PbI layering and ﬁlm thickness [2,10–13]. For the
same reason, the exciton PL line scans on various positions of intercalated single crystals (Fig. 3c) also show variation in peak position
and intensity.
Supplementary data
Crystallographic data for the structure reported in this paper
have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-750120. Copies of
the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: +44 1223 336 033;
e-mail: deposit@ccdc.cam.ac.uk).
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